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Introduction 

Growing concern over the environmental effects of acid rain has re- 
sulted in increased interest in development of precombustion removal of 
sulfur from coal. Most coals are not in compliance with the recent re- 
quirements which call for reduction of sulfur emissions from various fuel 
sources. Under proposed guide1 ines, even low sulfur, western bituminous 
coals require some cleaning to meet new source standards of 1.2 lb. of SO2 
per million Btu’s and 90% reduction in sulfur content of the coal on a 
concentration basis. 

Typically, Illinois Basin coals contain more sulfur than coals from 
other coal bearing regions. In order for typical Illinois coals to meet EPA 
guidelines, some organic sulfur must be removed, in addition to most of the 
pyritic sulfur. Almost all Illinois coals contain greater than 1% organic 
sulfur, with most containing more than 2% [ l ] .  

Southern Illinois University is developing a desulfurization process to 
remove both organic and inorganic sulfur from coal without deleteriously 
affecting key combustion properties [ Z ] .  This process employs alcohols 
under supercritical conditions. The coal/alcohol mixtures produce a clean 
solid product with an acceptable sulfur content, a high Btu gaseous product 
and coal derived liquids. 

as a method for the production o f  liquid fuel products from coal under mild 
conditions, and as a medium for selective desulfurization of coal [ 2 - 4 1 .  
Alcohols are expected to exhibit greater solubility for polar organic mole- 
cules because of hydrogen bonding and dipole attractive forces. They also 
provide the opportunity for chemical reactions during the extraction be- 
cause of the nucleophilicity of the alcohol oxygen and the tendency to act 
as a hydrogen donor. In addition, enol rearrangements [ 5 ]  may play a role 
in desulfurization. 

ons produced different extents of desulfurization of coals (33.9-65.7%). 
However this work concentrated on Illinois Coals. The variable desulfuriz- 
ations probably result from differences in extents of conversion of the 
pyritic sulfur (to various alteration products, such as pyrrhotite), [ 4 ]  as 
well as organic sulfur functionalities (thiophenol, sulfide, and thiophene) 
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Supercritical fluid extraction of coals has been reported previously, 

As reported previously [ 4 ] ,  different supercritical reaction conditi- 
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t o  l i g h t  gases such as d ime thy l su l f i de ,  hydrogen s u l f i d e  and methylmercapt- 
ons. A l though t h e  exact  mechanism o f  t h e  methanol /su l fur  f u n c t i o n a l i t y  
reac t i ons  a r e  n o t  known, t h e  reac t i ons  are  be l i eved  t o  be complex, i n v o l v -  
i n g  hydrogen dona t ion  by t h e  a lcoho l ,  as w e l l  as n u c l e o p h y l l i c  s u b s t i t u -  
t i o n s .  

The o v e r a l l  o b j e c t i v e  of t h i s  study was t o  g a i n  a b e t t e r  understanding 
of  t h e  s u p e r c r i t i c a l  a lcohol /coal  d e s u l f u r i z a t i o n  process. 
opment o f  t h e  s u p e r c r i t i c a l  d e s u l f u r i z a t i o n  process u t i l i z e d  a ba tch  reac t -  
o r  system [ 4 ] .  Recent ly,  m ic ro reac to r  system has been developed, which i s  
s i m i l a r  t o  t u b i n g  bombs developed by Neavel [ 6 ] ,  f o r  coal  l i q u e f a c t i o n  
s tud ies .  T h i s  new system has severa l  advantages over  t h e  ba tch  r e a c t o r  
system and approximates more c l o s e l y  the  opera t i ng  cond i t i ons  o f  t h e  con- 
t i nuous  r e a c t o r .  Using t h e  m ic ro reac to r  system, the  hea t ing  and c o o l i n g  
t imes were reduced compared w i t h  those requ i red  f o r  t he  ba tch  reac to r .  
Th i s  r e d u c t i o n  o f  hea t ing  and c o o l i n g  time, f rom 60-120 minutes i n  t h e  
batch reac to rs  t o  2 - 3  minutes i n  t h e  microreactors ,  i s  a n t i c i p a t e d  t o  g i ve  
a b e t t e r  understanding o f  t h e  r e a c t i o n  k i n e t i c s  under s u p e r c r i t i c a l  condi-  
t i o n s .  The m ic ro reac to rs  a re  designed t o  p rov ide  a un i fo rm temperature 
w i t h i n  t h e  r e a c t o r  and a l l o w  p rec i se  measurements o f  temperature. Previous 
o p t i c a l  c h a r a c t e r i z a t i o n  o f  t h e  ba tch  r e a c t o r  res idues suggested t h a t  mass 
and/or heat  t r a n s f e r  res i s tance  might  be present  i n  t h e  ba tch  system [ 4 ] .  

T h i s  paper descr ibes t h e  d e s u l f u r i z a t i o n  o f  var ious  coa ls  i n  super- 
c r i t i c a l  methanol .  The o b j e c t i v e  o f  t h e  study i s  t o  determine the  e f f e c t  o f  
coa l  p r o p e r t i e s  and t reatment  o f  coa ls  on d e s u l f u r i z a t i o n  r a t e s  i n  super- 
c r i t i c a l  m e t h a o l .  The e f f e c t s  o f  KOH add i t i o i i  on desG:?ul-iZaiiGii rates i s  
d iscussed. Other  t reatments such as phys ica l  c lean ing  and a c i d  deminera l i z -  
a t i o n  are r e p o r t e d  i n  an associated paper [ 7 ] .  

Exoer imenta l  

Argonne Premium Coal Sample Bank. The ana lys i s  a re  repo r ted  i n  Table 1. 
These samples ranged i n  rank  from L i g n i t e  t o  Low V o l a t i l e  Bi tuminous and 
ranged i n  S u l f u r  contents  f rom 0.5 t o  5.0% on a d r y  bas is .  The values r e -  
po r ted  i n  Table 1 were ca l cu la ted  from as rece ived bas is  as repo r ted  by O r .  
Vorres,  t h e  manager o f  t h e  sample bank. 

For some experiments, t h e  coa l  was t r e a t e d  with KOH. I n  these exper i -  
ments, t h e  coa l  was soaked ove rn igh t  i n  a 5% KOH s o l u t i o n  o f  a l coho l .  

The r e a c t i o n  o f  coal  w i t h  methanol was c a r r i e d  ou t  us ing  a microautoc- 
l a v e  system. The apparatus consis ted o f  a 10 cc. s t a i n l e s s  s t e e l  m ic roaut -  
oc lave l i n k e d  t o  a meter ing va lve  and a qu ick  d isconnect  f i t t i n g  by h igh  
pressure tub ing .  The r e a c t o r  system was at tached t o  an automat ic shaker 
supported above a f l u i d i z e d  sand bath.  The shaker a l lowed t h e  autoclave t o  
be a g i t a t e d  d u r i n g  r e a c t i o n  t o  ensure u n i f o r m i t y  o f  reac t i on .  The f l u i d i z e d  
sand ba th  was temperature s t a b i l i t y .  Pressure was moni tored by and Omega 
pressure t ransducer  connected t o  t h e  r e a c t o r  through a two way valve.  

I n i t i a l  devel - 

The e i g h t  samples s tud ied  i n  t h i s  i n v e s t i g a t i o n  were obta ined from the  

2 18 



S u D e r c r i t i c a l  Reaction 

oxygen present .  The reac to rs  were then charged w i t h  coal  (1 9. )  and metha- 
no l  ( 2  9.) .  Fu r the r  pressur ized f l u s h i n g s  w i t h  n i t r o g e n  were c a r r i e d  ou t  
t o  ensure the  removal o f  oxygen a f t e r  the microautoc lave had been sealed. 
The va lve was opened a f t e r  successive f lushed t o  re lease the p ressu r i zed  
n i t rogen .  The charged microreactors  were then at tached t o  an automat ic 
shaker h e l d  above a sand bath, as shown i n  F igu re  1. The f l u i d i z e d  sand 
ba th  was t h e  ra i sed ,  so as t o  f u l l y  submerge the  r e a c t o r  i n  t h e  f l u i d i z e d  
sand, which had been preheated t o  the des i red temperature. The shaker was 
then switched on f o r  the des i red  r e a c t i o n  t ime (30, and 60 minutes) .  

Fo l lowing reac t i on ,  t he  sand bath was lowered and t h e  reac to rs  removed 
f rom the  shaker. The reac to rs  were vented by s low ly  opening t h e  meter ing 
va lve.  A f t e r  t h e  va lves had been opened f u l l y  f o r  approximately one minute, 
t h e  reac to rs  were then quenched i n  a water  bath.  

d r i e d  i n  a vacuum oven a t  95OC f o r  approximately 90 minutes. The reac to rs  
were c leaned a f t e r  each run, us ing acetone i n  an u l t r a s o n i c  bath t o  remove 
t a r r y  res idues.  To ta l  s u l f u r  ana lys i s  was c a r r i e d  out  on a l l  o f  t h e  s o l i d  
res idues.  D e s u l f u r i z a t i o n  can be c a l c u l a t e d  on a concen t ra t i on  o r  weight  
bas is .  The r e s u l t s  i n  t h i s  paper are repo r ted  on a concen t ra t i on  bas i s .  A 
concen t ra t i on  bas i s  would be used by the  EPA i f  t h e  90% removal r e q u i r e -  
ments were t o  be appl ied.  The weight bas i s  i s  usefu l  i n  i n  understanding 
s u l f u r  i n c o r p o r a t i o n  and coal vapor i z t i on .  The two bas i s  can be c a l c u l a t e d  
as fo l l ows :  

The microautoclaves were f i r s t  f l ushed  w i t h  n i t rogen  t o  remove any 

The s o l i d  res idues were removed f r o m  the reac to rs ,  ground, and then  

%S Removed(conc.) = (%S Raw Coal - %S Product)/ %S Raw Coal 
%S Removed(wt. %) = ( w t .  S Raw Coal - w t .  S Product)/  w t .  S Raw Coal 

DESULFURIZATION OF COALS OF VARIOUS RANKS 

D e s u l f u r i z a t i o n  r e s u l t s  obtained on t h e  Argonne Premium samples a re  
l i s t e d  i n  Table 2. The coals are l i s t e d  i n  approximate rank order  from l e f t  
t o  r i g h t .  Resul ts  are l i s t e d  f o r  a moderately severe temperature o f  400 C, 
and a h igh  s e v e r i t y  temperature, 450°C. Reaction t imes o f  30 and 60 minutes 
were s tud ied.  Resul ts  are a l so  l i s t e d  f o r  t e s t s  conducted w i t h  and w i thou t  
KOH present .  

I n  general,  d e s u l f u r i z a t i o n  r e s u l t s  decrease from l e f t  t o  r i g h t  i n d i c -  
a t i n g  a tendency f o r  s u l f u r  t o  be less removable as rank increases. For 
example,the data l i s t e d  f o r  no KOH, 4OO0C, and 30 minutes o f  r e a c t i o n  t i m e  
shows t h a t  t he  s u l f u r  removal i n  t h e  l i g n i t e  i s  an order  o f  magnitude grea- 
t e r  than f o r  t he  low v o l a t i l e  bituminous coal .  Th i s  r e l a t i o n s h i p  can be 
seen i n  F igu re  1. Since more weight l o s s  i s  obta ined i n  the  l ower  rank 
coals ,  t h e  r e l a t i o n s h i p  i s  more pronounced when t h e  weight percent  bas i s  i s  
used. The s c a t t e r  i n  t h e  data shown i n  Figure 1 a lso  decreases when da ta  
are viewed on the  weight percent bas i s .  However, t he re  i s  some v a r i a b i l i t y  
i n  the  r e l a t i o n s h i p  w i t h i n  the  h igh  v o l a t i l e  rank range even when weight 
f a c t o r s  are taken i n t o  account. Muchmore e t  a1[3] have repo r ted  t h a t  t h e  
Organic t o  p y r i t i c  s u l f u r  r a t i o  has an e f f e c t  on d e s u l f u r i z a t i o n  o f  Ill. 
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basin coa ls  and Hippo e t  a1[7] have reported t h a t  physical cleaning incre- 
ases subsequent desu l fur iza t ion  response. T h u s  var ia t ion  in t o t a l  su l fu r ,  
p y r i t i c  t o  organic su l fu r  r a t i o ,  and mineral content and composition might 
explain some o f  t he  observed var ia t ions .  

Results from the  t e s t s  conducted a t  4OO0C a t  30 minutes reac t ion  time 
y ie ld  information on r a t e s  of su l fu r  removal. Two additional fac tors  need 
t o  be considered. These f ac to r s  a re  t h e  maximum desul fur iz t ion  obtainable 
and the  s e l e c t i v i t y  of t he  su l fu r  removal. Although the  t e s t  conducted thus 
f a r  can not answer these questions en t i r e ly ,  they do shed l i gh t  on the  
problems each coal has in obtaining the  desired 90% removal l eve l .  For 
example the l i g n i t e  coal yielded a 70-75% reduction i n  s u l f u r  on a concen- 
t r a t ion  bas i s  and 85-89% reduction on a weight bas i s  f o r  the 45OoC t e s t s  
without KOH addition. B u t ,  t h i s  was obtained a t  48% weight l o s s .  Energy 
balances have not been conducted, but the 48% weight loss must represent a 
s ign i f i can t  loss of energy t o  the vapor phase. This i s  not necessar i ly  a 
detriment s ince  the  l i qu id  in gases could be sold a f t e r  they were cleaned. 
B u t ,  the weight loses  complicate the  ana lys i s  of the da ta  and the  determin- 
ation of the optimum desul fur iza t ion  conditions. 

For 5 o f  t h e  e igh t  coa ls  examined, t h e  maximum s u l f u r  removal i n  the  
absence of KOH occurred a t  45OoC and 30 minutes of reac t ion  time. The other 
three coa ls  yielded higher su l fu r  removals on a concentration bas i s  a t  
40OoC. The d i f f i c u l t y  in specifying conditions a t  which maximum sul fur  
removals wi l l  occur a r i s e s  from many fac tors .  The major fac tor  i s  t h a t  
su l fu r  removals on a concentration bas is  can decrease with increase re -  
a c t i o n  time arid temperature. Examples of t h i s  can bs s ~ e n  throtightiit Table 
2 .  The decrease in the  su l fu r  removal can occur for two reasons. One, i n -  
cremental weight l o ses  r e s u l t s  in low s e l e c t i v i t y  towards additional su l fu r  
removal and an increase in the s e l e c t i v i t y  toward hydrocarbon removal. For 
example, results a t  45OoC fo r  30 and 60 minutes reac t ion  time i n  the  
absence o f  KOH f o r  coal 6 shows a decrease in  the concentration of su l fur  
removed even though on a weight bas i s  the to t a l  su l fu r  removal has 
increased from 35 t o  39%. The second reason f o r  decreases in the su l fu r  
removal on a concentration basis i s  due t o  incorporation of su l fu r  as has 
been re  or ted  previously[8]. For example, a t  60 minutes of reac t ion  time 

removal from 43% t O  -2% on a concentration bas is .  The weight % su l fu r  
removed a l s o  decreases from 45% t o  3%. 

Both of t hese  f ac to r s  appear t o  be somewhat dependent on coal rank. 
The low rank coa l s  appear t o  be more susceptible t o  l o s s  of sulfur removal 
due t o  loss of s e l e c t i v i t y  than t h e  high rank coals.  For example the  
subbituminous coal in the  absence o f  KOH shows a decrease in the su l fu r  
removal a t  45OoC between the  30 and 60 minutes o f  reac t ion  time despi te  an 
increase i n  the t o t a l  su l fu r  removed. Furthermore when the  lower rank coals 
show some decrease in the  t o t a l  weight of su l fu r  removed; i t  i s  usually 
small i n  magnitude. The higher rank coa ls  show t h e  exact opposite trend. 
When a decrease in su l fu r  removal on a concentration basis i s  observed i t  
i s  always as  a r e s u l t  of a decrease i n  t he  weight of su l fu r  removed. In 
addition a s  rank increases,  t h e  r e l a t i v e  amount o f  su l fu r  t h a t  i s  
incorporated back in to  the coal residue increases.  Thus, Rank appears t o  
be one f a c t o r  t h a t  influences s e l e c t i v i t y  of the su l fu r  removal and the 
incorporation of t he  su l fu r .  

f o r  400 g C and 45OoC in t he  presence of KOH; coal 5 decreases in su l fu r  
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I 
The above observation may be the result of the experimental conditions 

employed. As has been reported previously, the extent of the sulfur 
incorporation is extremely condition sensitive[8].In addition, equilibrium 
considerations may be dominant in the system. If so, then total sulfur in 
the vapor phase might contribute to the sulfur incorporation. Other factors 
might include the composition o f  the minerals present and the reactions 
that the minerals undergo during the extraction process. Pyrite and other 
minerals might catalyze the incorporation phenomena. The incorporation 
might be temporary as observed by Murdie et a1[8] or at the high severity 
the incorporation may be permanent. The cause of the incorporation is not 
understood. It may be associated with phase changes reducing the solubility 
of the sulfur compounds in the supercritical vapor, or it may be due to 
the reaction of sulfur compounds in the bulk vapor phase with coal radicals 
created by the thermal processing of the coal. At mild severity the sulfur 
may remain active towards removal but at high severity the incorporated 
sulfur may crosslink and become inactive toward the alcohol. 

EFFECT OF KOH ADDITION 

The effect of KOH can also be seen in Table 2. At almost every 
condition KOH increases sulfur removal. The few results where KOH does not 
increase sulfur removal is where extensive sulfur incorporation is noted. 
Since KOH does not effect the global activation energy[8],the increase 
sulfur removals must be due to physical effects. One possibility is that 
KOH may function as a crosslinking agent. This is supported by the well 
known tendency of KOH to reduce fluidity, agglomeration, and swelling. Or 
KOH may serve as a cracking catalysts providing increase amounts of sulfur 
sites for reaction. In order to have no effect on the activation energy, 
the cracking reaction must be much faster than the sulfur removal 
reactions. This idea is supported by the large effects that KOH has on 
coals 5 and 6. The data also suggest that KOH plays a role in the 
incorporation of sulfur. The extent of sulfur incorporation is much greater 
in the presence of KOH. This may be simply that KOH provides a larger 
concentration of sulfur compounds in the vapor phase at the conditions that 
incorporation occurs. Or, the KOH may play a direct role in adding sulfur 
to coal free radicals and thus providing a higher probability for sulfur to 
be affixed by crosslinking. 

CONCLUSIONS 

This study has shown that: 
1) Desulfurization is rank dependent. 
2) Other coal properties effect desulfurization. 
3) KOH increases sulfur removal and sulfur incorporation. 
4) Maximum desulfurization is difficult to access. 
5) Sulfur removal is condition dependent. 
6) Sulfur removal selectivity varies throughout the process. 
7) Optimization for maximum selectivity and removal requires an 

understanding of sulfur incorporation kinetics and mechanism 
as well as removal mechanisms and kinetics. 
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f o r  supercr i t ica l  methanol extract ion a t  4OO0C and 30 minutes 
react ion time.8oth KOH and Non-KOH runs ind icate tha t  su l fu r  i s  
d i f f i c u l t  t o  remove as rank increases. 
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